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and energy efﬁciency compared to single skin facades but only considering the air cavity. The aim of this work
is to identify a more efﬁcient double glazed facade conﬁguration that improves energy efﬁciency and indoor
comfort conditions in buildings studying natural ventilation due to buoyancy-driven ﬂow and heat transfer
including solar radiation compared to a single skin facade. A simpliﬁedmodel was simulated using a computational
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with opened and closed vents and considering solar radiation or not. Themain results obtained were that in winter
closed vents is always efﬁcient and ventilating is never beneﬁcial. In summer closed vents is efﬁcient in the absence
of solar radiation and in its presence opened vents is favorable. Results showed the optimum air cavitywidth, and it
was concluded that these double skin facades reduce the heating and cooling demands of a building, being more
efﬁcient compared to single skin facades.
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This study is the continuation of a previous work in which the state
of the art in relation to the legislation, research and technology of
envelope systems in architecture, taking into account natural ventila-
tion and sealing to the penetration of wind driven rain, was analyzed
(Sanchez and Rolando, 2014).
Double skin facades consist of two panes separated by an air cavity
throughwhich air ﬂows in between. Generally, the outer pane is entirely
made out of glass, while the inner pane may be partially opaque; but in
this study, the two panes are made out of glass. This type of facade may
incorporate vents to ventilate the air cavity when they are opened.
In recent years, the study and the interest in this type of envelopes
have increased. They are often used in commercial buildings for esthetic
reasons. The advantage of double skin facades is that they admit a high
degree of daylight because of its large glazed area, but as a result, heat
losses in winter and large increase in heat gains in summer can be
achieved due to the solar energy transmittance to the interior and
with the possible overheating of the building.
Double skin facades could be used as a passive system to improve
thermal comfort conditions and building energy efﬁciency. Theseon y Tecnologia Arquitectonicas,
versidad Politecnica de Madrid,
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.es (E. Sanchez).
ed by Elsevier Inc. All rights reservedenvelopes can be used as an efﬁcient alternative for reducing the energy
use in buildings.
The driving forces in the naturally ventilated double skin facades are
thermal buoyancy, pressure differences due to wind or combined wind
and buoyancy driven ﬂow. In this paper, only buoyancy-driven ﬂow is
studied.
Natural convection due to buoyancy in closed rectangular cavities
with differentially heated vertical walls has been studied experimentally
as well as analytically and numerically extensively over the years
(Korpela et al., 1973; Lartigue et al., 2000). The transition from laminar
to turbulent ﬂow, the ﬂow characteristics, the physical phenomena
that take place inside the cavity and the variables involved in the process
were studied. Heat transfer in buoyancy-dominated ﬂows is of funda-
mental importance in several architectural applications such as fenestra-
tion glazing cavities, cavities of ventilated facades and solar chimneys,
among others.
In recent years, the behavior of the double skin facade has been
investigated related to the thermal performance and energy efﬁciency
of buildings compared to the single glazed facade system. Some authors
utilized a CFD program to analyze the impacts of several parameters in
double skin facades, such as orientation, wind and solar protection,
depth of the cavity, glazing type, openings size, climatic conditions
and solar radiation level, among others (Balocco, 2002; Faggembauu
et al., 2003; Hien et al., 2005; Saelens et al., 2003; Zerefos, 2007;
Gratia and De Herde, 2007). Other authors carried out full scale experi-
ments to quantify the thermal performances and energy transmittance.
Nomenclature
A aspect ratio (dimensionless)
Cp speciﬁc heat (Jkg−1 K−1)
g gravitational acceleration (m/s2)
H cavity height (m)
h average heat transfer coefﬁcient (Wm−2 K−1)
he external heat transfer coefﬁcient (Wm−2 K−1)
hi internal heat transfer coefﬁcient (Wm−2 K−1)
hv air inlet and air outlet height (m)
L cavity width (m)
tp glass pane thickness (m)
Nu Nusselt number (dimensionless)
Pr Prandtl number (dimensionless)
Q heat ﬂux (W/m2)
Qr heat generation rate (W/m3)
Qs solar irradiance (W/m2)
qe secondary heat transfer factor towards the outside
(dimensionless)
qi secondary heat transfer factor towards the inside
(dimensionless)
RaL Rayleigh number (dimensionless)
Sλ relative spectral distribution of the solar radiation
(dimensionless)
T average temperature in the enclosure (K)
T+ average dimensionless temperature in the enclosure
(dimensionless)
T⁎ dimensionless temperature in the air cavity
(dimensionless)
Tc temperature of the cold pane (K)
Th temperature of the hot pane (K)
Tref reference temperature (K)
x cavity horizontal distance (m)
X⁎ cavity horizontal distance (dimensionless)
y cavity vertical position (m)
Y⁎ cavity vertical position (dimensionless)
α thermal diffusivity (m2/s)
αe solar direct absorptance (dimensionless)
αe1 solar direct absorptance of the outer pane
(dimensionless)
αe2 solar direct absorptance of the second pane
(dimensionless)
α1(λ) spectral direct absorptanceof the outer panemeasured in
the direction of the incident radiation (dimensionless)
α′1(λ) spectral direct absorptance of the outer pane mea-
sured in the opposite direction to the incident radia-
tion (dimensionless)
α2(λ) spectral direct absorptance of the inner panemeasured in
the direction of the incident radiation (dimensionless)
β thermal expansion coefﬁcient of air (K−1)
γ total solar energy transmittance (solar factor)
(dimensionless)
η energy efﬁciency index
K thermal conductivity (Wm−1 K−1)
Λ thermal conductance (Wm−2 K−1)
λ wavelength (m)
Δλ wavelength interval (m)
ν kinematic viscosity (m2/s)
ρ density (kg/m3)
ρe solar direct reﬂectance (dimensionless)
ρ1(λ) spectral reﬂectance of the outer panemeasured in the di-
rection of incident radiation (dimensionless)
ρ′1(λ) spectral reﬂectance of the outer pane measured in the
opposite direction of incident radiation (dimensionless)
ρ2(λ) spectral reﬂectance of the inner panemeasured in the di-
rection of incident radiation (dimensionless)
τe solar direct transmittance (dimensionless)
τ1(λ) spectral transmittance of the outer pane (dimensionless)
τ2(λ) spectral transmittance of the inner pane (dimensionless)
140 E. Sanchez et al. / Energy for Sustainable Development 33 (2016) 139–148of single and double skin facades (Eicker et al., 2008; Kim et al., 2009). It
was concluded that if double skin facades are designed carefully, they
would exhibit a signiﬁcantly better passive behavior than conventional
glazed facades, and also would reduce energy consumption.
The goal of this paper is to study natural ventilation due to buoyancy
and heat transfer in a double skin facade compared to a conventional
glass facade. Other works only study the phenomena that take place in
the air cavity, andmany of them do not vary either themodel geometry
or the boundary conditions or take into account the solar radiation.
A CFD model, that includes conduction, convection and radiation is
used to study the double skin facades behavior globally. The goal is to
ﬁnd the optimum air cavity width so as to reduce heating and cooling
demands in the building, improving building energy efﬁciency.
The novelty is that a more extensive investigation is performed
where the model is analyzed more broadly: outside environment, air
cavity and inside the enclosure; varying the geometry: cavity width
with closed and opened cavity vents; and under different conditions:
winter and summer conditions with and without solar radiation. In
all situations, the phenomena that take place from the point of
view of heat transfer, temperature distribution, ﬂow regimes and
airﬂow characteristics, are studied and analyzed.
The aim is to achieve or identify amore efﬁcient facade conﬁguration
that improves building energy efﬁciency to improve indoor comfort
conditions.
Geometry
A simpliﬁed double skin facade model was used for the study. A 2D
simulation was carried out and the ﬂow was assumed steady state.
The basic geometry used in CFD simulations is illustrated in Figs. 1
and 2. It is an enclosure with a double skin facade facing south,
composed by an inner facade, an air cavity and an outer facade.
The enclosure dimensions are 3 m high (H) and 6 mwide (2H). The
air cavity extends the whole height of the model. There is an air inlet
(hv) near the bottom and an air outlet near the top of the section, both
6 cm high. The air cavity is completely closed off from the enclosure's
interior. Different facade conﬁgurations are studied, therefore the air
cavity width (L) varies.
In order to study the various facade conﬁgurations under different
conditions, the computational domain of the CFD simulation had to be
extended to include part of the outside environment. In the study, the
dimensions for the domain were 21 m wide and 10 m high.
Eight different cases were simulated with 29 facade conﬁgurations
studied, which is a total of 116 cases. Winter and summer conditions
were simulated, with closed and opened cavity vents and considering
solar radiation or not. Every possible situation was considered, and
several facade conﬁgurations were studied from the single skin facade
to the double skin varying the cavity width with aspect ratios (A) from
6 to 600, where A=H/L, beingH the cavity height and L the cavity width.
Simulation software
ANSYS Fluent® (14.0 version) was used to simulate the airﬂow and
heat transfer. This commercial software has been previously validated
in literature (Fuliotto et al., 2010). The air properties were assumed to
be constant. The airﬂow inside the cavity was considered steady state
and the pressure-based solver was used.
Fig. 1. Detail of the air cavity with closed vents. Measurements in meters (m).
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relationship between density and temperature change (thermal
buoyancy). Li et al. (2007), presented a study in which a model was
calculated by theoretical analysis and by CFD simulation using the
Boussinesq model. The results obtained in their study were compared
with those obtained by the Incompressible-Ideal-Gas model, and it
was concluded that this model showed more accurate predictions
than the Boussinesq model that is commonly used.
The CFDmodel used in this work is based on the Reynolds-Averaged
Navier Stokes (RANS) equations. The continuity, momentum and energy
equations are solved with RNG k–ε (2 equations) turbulence model,
which was recommended for building simulation (Yakhot et al., 1992),
with non-equilibrium wall treatment and full buoyancy effects. Prandtl
number (Pr) is 0.709 and is assumed constant. Ratio of kinematic viscos-
ity (ν) and thermal diffusivity (α) of air are also constant. The governing
equations are discretized with ﬁnite volume methods.
The coupling between the governing equations wasmade bymeans
of the SIMPLE scheme, least squares cell based solver was used, and body
force weighted was selected as method for the pressure discretization.
Second order approximations were used for the solution of differential
equations.
A non-uniform structured mesh was used in the simulations. The
mesh was reﬁned near the cavity walls, with dense cell distribution
inside the air cavity and near the glass panes. The solution was checked
with different grids.
The glass panes weremodeled andmeshed to be 6mm thick (tp), so
there were several cells between both glass faces. Fluent considered the
glass panes as solid, so the physical properties of glass could be set as
material input. Thus, the physical phenomenon that take place inside
the glass and in the surrounding ﬂuid could be studied, and better pre-
dictions could be obtained.Boundary conditions
The boundary conditions for the outside environment are: pressure
inlet for the lateral boundaries, pressure outlet for the upper boundary,
and adiabatic wall for the outside ground. The outside temperature isFig. 2. Detail of the air cavity with opened vents. Measurements in meters (m).speciﬁed as 4 °C (277 K) for winter conditions and as 32 °C (305 K)
for summer conditions, average temperatures in central Spain.
For winter conditions a heat source uniformly distributed in the
enclosure's ﬂoorwith a heat ﬂux of 22W/m2was speciﬁed. For summer
conditions a heat source uniformly distributed in the enclosure's ceiling
with a negative heat ﬂux of−4.6 W/m2 was speciﬁed.
The heat ﬂux values were calculated for a single facade. For winter
conditions, the heat necessary to be provided in order to keep the
enclosure temperature at 20 °C (293 K) was calculated. For summer
conditions, the heat necessary to be removed in order to keep the
enclosure temperature at 26 °C (299 K) was calculated. These
temperatures were considered the comfort temperatures for each
condition.
All the other enclosure walls were regarded as adiabatic.
The vertical glass surfaces were speciﬁed as walls with no slip
boundary conditions. They were coupled to enable the conduction
heat transfer. All the other horizontal glass surfaces were considered
as adiabatic.
Model validation
As explained in section 3, the model was validated using the Li et al.
calculated data in which buoyancy-driven natural ventilation of a room
with large lower and higher level openings is investigated by both
theoretical analysis and CFD simulation. This investigation was chosen
as a reference case for the model validation because it was a case of
natural convection with a basic geometry and in a similar environment
to this study. As explained above, the use of the Incompressible-Ideal-
Gas model was validated against the Boussinesq model and it gave
better predictions.
To verify that themodelwas valid for double skin facades aswell, the
He's calculated data (He et al., 2011) were used. In this work a double
skin facade was simulated with CFD techniques to study natural
ventilation due to buoyancy and heat transfer. A simpliﬁed double
skin window model was used based on one designed for a building
in Hangzhou (China). It consists of a single glass pane on the outside
and a double glazing pane on the inside separated by an air cavity
0.20mwide. For thepurpose of validation, the samemodelwas simulated
under winter conditions with closed vents and without solar radiation.
Good agreement was obtained in the results.
The decoupling approach
In the present study the convective and conductive heat ﬂow was
solved by CFD and the solar radiation was calculated independently.
Solar absorptionwas represented by heat sources uniformly distributed
within the glass panes. The enclosure gained heat from the solar
radiation in two ways: transmission and heat convection from the
glass.
The CFD software provides several methods to include solar
radiation in the model, but they are complex and have a demanding
computing time when radiation heat transfer is included. On the
other hand, accurately modeling the solar radiation is not the aim
of this study. Therefore, some researchers investigated other
methods to calculate the solar radiation. Several authors used a
separate program to solve the radiation heat transfer (Pappas and
Zhai, 2008), some solved the convective and radiation heat transfer
at the same time (Manz, 2004), and others calculated the
heat absorbed by each glass pane according to the standards
(Batchelor, 1953).
So to simplify the solar radiationmodel and to reduce the computing
time, the heat ﬂow due to solar radiation was represented by a heat
source uniformly distributed and perpendicular to the pane surface.
The heat ﬂux was calculated knowing the solar irradiance and taking
into account the optical and thermal properties of each pane.
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and radiation. Among the most important are the transmittance, reﬂec-
tance and absorptance. To follow, the behavior of the solar radiation on
a glass pane is explained, see Fig. 3.When solar radiation is incident on a
glass pane, several phenomena take place. A part of the solar radiation is
reﬂected instantaneously (ρe), so it neither penetrates glass nor heats it.
Another part of the solar radiation penetrates the glass but is absorbed
internally (αe), promoting its heating. Part of this absorbed energy, is
retransmitted inwards (qi) and another part outwards (qe) in varying
amounts, depending on the glass characteristics and on the indoor or
outdoor temperature. Finally, the part of the radiation that is neither
reﬂected nor absorbed, goes through the glass and is transmitted directly
inside (τe).
The total energy passing through the glass is called solar factor, and
is the sum of the solar energy that enters through direct transmission
(τe) and the energy released by the glazing to the inside after its heating
by energy absorption (qi).
Through an optical analysis it was possible to determine trans-
mitted, reﬂected and absorbed components of solar radiation. Finally,
the absorbed component could be used as input into the thermal
analysis.
A soda lime glass, whose physical properties were taken from the
European Standard 10456:2012 (EN ISO 10456:2012, 2012), has been
used to study. The soda lime glass characteristics are shown in Table 1.
The solar irradiance Qs, used to calculate the heat generation rate Qr,
was based on the climatic database developed by the German Passive
House Institute (Guía de la herramienta Passivhaus, 2012) as a climate
reference for Central Europe.
Based on the observation data, 101 kWh/m2 per month for January
global radiation was taken as the solar irradiance for winter conditions;
and 117 kWh/m2 per month for August global radiation was taken as
the solar irradiance for summer conditions. These global radiation
values are the irradiance on the south facade and taking into account
the climatic data of central Spain.
According to the European Standard EN 410:2011 (EN 410:2011,
2011), the total solar energy transmittance γ is deﬁned as the portion
of incoming solar energy transmitted to the enclosure behind the glaz-
ing. It is calculated as the sum of the solar direct transmittance τe and
the secondary heat transfer factor qi towards the inside.
γ ¼ τe þ qi ð1:1ÞFig. 3. Behavior of the solar rThe incident solar radiant ﬂux is divided into three portions:
transmitted (τe), reﬂected (ρe), and absorbed (αe). The relationship
between the three characteristics is:
τe þ ρe þ αe ¼ 1: ð1:2Þ
The absorbed part is divided into two parts qi and qe that are energy
transferred to the inside and outside respectively:
αe ¼ qi þ qe: ð1:3Þ
For single glazing, qi is calculated by:
qi ¼ αe
hi
he þ hi
: ð1:4Þ
he and hi are the heat transfer coefﬁcients towards the outside and
towards the inside respectively. According to the European Standard
EN 673:2011 (EN 673: 2011, 2011), he = 25 Wm−2 K−1 and hi = 7.7
Wm−2 K−1. See Table 1. After applying these formulas for single
glazing, it was concluded that the absorption of the glass pane was
αe = 0.11.
For double glazing, qi is calculated by:
qi ¼
αe1 þ αe2
he
þ αe2
Λ
1
hi
þ 1
he
þ 1
Λ
ð1:5Þ
where αe1 and αe2 are the solar direct absorptance of the outer pane and
the second pane within the double glazing respectively, and Λ is the
thermal conductance between the outer surface and the innermost
surface of the double glazing.
αe1 ¼
X2500nm
λ¼300nm
Sλfα1 λð Þþα
0
1 λð Þτ1 λð Þρ2 λð Þ
1−ρ01 λð Þρ2 λð Þ
gΔλ
X2500nm
λ¼300nm
SλΔλ
ð1:6Þadiation on a glass pane.
Table 1
Physical, optical and thermal properties of the glass panes.
Properties
UNE-EN ISO
10456:2012
Single pane (6 mm)
UNE-EN 410:2011
Double pane (6 + L+ 6) mm
UNE-EN 410:2011
UNE-EN
673:2011
Density, ρ (kg/m3) 2500
Speciﬁc heat, Cp (J/kg K) 750
Thermal conductivity, K (W/m K) 1
Transmittance, τe (%) 82 68
Reﬂectance, ρe (%) 7 13
Heat transfer coefﬁcient towards the outside, he (Wm−2 K−1) 25
Heat transfer coefﬁcient towards the inside, hi (Wm−2 K−1) 7.7
Fig. 4. Average temperature in the enclosure in winter scenario.
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X2500nm
λ¼300nm
Sλf α2 λð Þτ1 λð Þ1−ρ01 λð Þρ2 λð Þ
gΔλ
X2500nm
λ¼300nm
SλΔλ
ð1:7Þ
where α1(λ) and α2(λ) are the spectral direct absorptance of the outer
and inner pane respectively measured in the direction of the incident
radiation; α′1(λ) is the spectral direct absorptance of the outer pane
measured in the opposite direction to the incident radiation; τ1(λ)
and τ2(λ) are the spectral transmittance of the outer and inner pane
respectively; ρ1(λ) and ρ2(λ) are the spectral reﬂectance of the outer
and inner pane respectively measured in the direction of incident
radiation; ρ′1(λ) is the spectral reﬂectance of the outer pane measured
in the opposite direction of incident radiation; λis the wavelength; Sλ is
the relative spectral distribution of the solar radiation; and Δλ is the
wavelength interval.
After applying these formulas for double glazing, it was concluded
that the absorption of the outer glass pane was αe1 = 0.11 and the
absorption of the inner glass pane was αe2 = 0.08.
Once the solar absorption of each glass pane was calculated, they
were multiplied by the solar irradiance and the heat generation rate
was obtained. This value is the heat source that represents the solar
absorption according to the solar irradiance of each condition.
The corresponding value for each casewas introduced in the thermal
boundary conditions of the CFD software. The glass panes were coupled
to consider the effect of the conduction between the air and the glass
panes.
Results
After simulating all the facade conﬁgurations under different
boundary conditions, a wide range of relevant parameters are analyzed
in this study. The results obtained are presented by using dimensionless
graphs. Theory shows that to derive general expressions based on
dimension analysis for heat transfer and air ﬂow in ventilation cavities,
dimensionless numbers can be introduced including Nusselt number
(Nu) for the heat transfer rate and Rayleigh number (RaL) associated
with the cavity size and boundary conditions. Etheridge (2002)
pointed out a number of beneﬁts of using non-dimensional graphs
generated from sophisticated numerical models for natural ventila-
tion design.
Winter conditions
Average temperature in the enclosure
Single skin facade was taken as the reference case with which to
compare the results obtained, and the heat needed to be provided to
keep the enclosure temperature at 20 °C (comfort temperature in
winter conditions) was calculated for the cases with and without solar
radiation respectively. The winter scenario was simulated with a ﬂoor
heat ﬂux of 17.9 W/m2, for the cases with solar radiation, and of
22 W/m2 for the cases without it.Fig. 4 represents the average dimensionless temperature
T+ = (T − Tref) / Tref in the enclosure in relation to the cavity aspect
ratio A, ratio between the cavity height and the cavitywidth, in thewin-
ter scenario and under different conditions; where T is the average tem-
perature in the enclosure; and Tref is the reference temperature, the
average temperature in the enclosure in the case of a single glazed
facade.
From the point of view of the cavity aspect ratio, the following
results were obtained:
• In the case of closed vents, both solar radiation and without it, three
distinct sections can be observed:
‐ For A b 15, a slight decrease in temperature is observed. This is
because the decrease of the cavity width results in a decrease of the
thermal resistance of the system. This is often referred to as the buffer
or conservatory effect. In the presence of solar radiation, the effect is
higher, decreases the transmission losses and even provides gains.
Thus, it is demonstrated that the air cavity continues insulating ther-
mally. In this section, as explained in the section Temperature
distribution in the air cavity, the boundary layer regime (convection)
dominates.
‐ For 15 ≤ A ≤ 80, the temperature remains constant or without major
variations, the transition regime dominates.
‐ For A N 80, the average temperature in the enclosure lowers, the
conduction regime dominates.
• For the opened vents situation, bothwith solar radiation andwithout it,
three distinct sections can also be observed:
‐ For A b 60, the temperature remains constant, convection dominates.
‐ For 60 ≤ A ≤ 300, the average temperature in the enclosure increases
and the airﬂow is uniform.
144 E. Sanchez et al. / Energy for Sustainable Development 33 (2016) 139–148‐ For A N 300, the average temperature in the enclosure lowers, the
conduction regime dominates and the airﬂow is uniform.Temperature distribution in the air cavity
This study performed a comprehensive analysis on the relationship
between airﬂow rate and the temperature difference between the
glass panes for different cavity aspect ratios and environment
conditions. The two glass panes of the double skin facade separate
two environments that are at different temperatures, therefore,
heat transfer from the hot pane to the cold pane occurs. The heat
exchange through the facade is produced according to three modes
of propagation: conduction, convection and radiation.
The mode of heat exchange depends on the Rayleigh number (RaL),
which is calculated as a function of the cavity width and the temperature
difference between the hot pane and the cold pane.
RaL ¼ gL
3β Th−Tcð Þ
να
ð1:8Þ
where g is the acceleration of gravity; L the width of the air cavity; β the
thermal expansion coefﬁcient of air; Th the temperature of the hot pane;
and Tc the temperature of the cold pane.
According to previous investigations on natural convection and heat
transfer in enclosed air cavities (Yin et al., 1978), the ﬂow regime can be
classiﬁed in conduction, transition and boundary layer regime, depending
on the Rayleigh number and the aspect ratio of the air cavity.
In the study, aspect ratios from 6 to 600 were studied and Rayleigh
numbers (based on the cavity width) between 10 and 108were obtained.
Fig. 5 shows the dimensionless temperature distribution T* = (T−
Tc) / (Th− Tc), as a function of the distance (X* = x/H), from the hot
wall to the cold wall of the cavity for the aspect ratios of 150, 30 and
7.5 respectively. The dimensionless temperature proﬁle in the air cavity
for a given horizontal section for different dimensionless vertical
positions (Y* = y/H) are plotted for Y* = 0.0065; 0.0374; 0.5;
0.9681; and 0.9935.
The temperature proﬁles were validated and veriﬁed with the ones
obtained by Xamán (Xamán et al., 2005) in which turbulent natural
convection ﬂow in a two-dimensional tall rectangular cavity was inves-
tigated numerically for aspect ratios of 20, 40 and 80.
In the case of the Rayleigh numbers under 104, see Fig. 5, the temper-
ature distribution in the cavity is linear. It indicates that the heat is
transportedmainly by conduction through the central core of the cavity.
This linear temperature proﬁle is called the conduction regime.
For Rayleigh numbers between 104 and 107, the heat is transported
by convection, and that in the central core of the cavity the heat is
transported by conduction. Because of the Rayleigh number increase,
convective heat transport gains in importance and the linear temperature
proﬁle disappears. This ﬂow regime is called transition regime.
For Rayleigh numbers greater than 107, the heat is transported
mainly by convection from the hot to the cold pane. In this case, high
horizontal temperature gradients occur near the wall surfaces, but
temperature is almost constant in the central core of the cavity. This
ﬂow ﬁeld regime is called the boundary layer regime because it is
dominated by the air circulation through the two vertical surfaces.
In the closed cavity situation, the following ﬂow regimes are given in
terms of the aspect ratio and the Rayleigh number:
- Boundary layer regime, up to A= 15, RaL ≥ 107
- Transition regime, from A= 15 to A= 80, 104 b RaL b 107
- Conduction regime, from A= 80, RaL ≤ 104Fig. 5. Temperature proﬁle in the air cavity for a given horizontal section for different
vertical positions: A= 150, conduction regime; A= 30, transition regime; and A= 7.5,
boundary layer regime.
Fig. 7. Heat ﬂux for single skin and A= 30 to keep the enclosure temperature at 20 °C in
winter.
145E. Sanchez et al. / Energy for Sustainable Development 33 (2016) 139–148In all situations, the average temperature in the air cavity is always
lower than the average temperature in the enclosure.
Heat transfer
The Nusselt number (Nu) is a dimensionless number that measures
the ratio of convective heat transfer and conductive heat transfer across
the air cavity.
Nu ¼ hL
Κ
ð1:9Þ
where h is the average heat transfer coefﬁcient across the air cavity; L
the width of the air cavity; and K the thermal conductivity of air.
The heat transfer rate and the correlations obtained are shown in
Fig. 6, and it is analyzed in terms of the following independent parame-
ters: Rayleigh number and cavity aspect ratio. When considering natu-
ral convection heat transfer within cavities, literature, in general,
states that heat transfer can be determined in functional notation as:
Nu = f(RaL, Pr, A). The Prandtl number is considered constant. Thus,
the functional relationship is reduced as: Nu = f(RaL, A).
It was observed that the heat transfer rate obtained agreedwell with
several correlations of the convective Nusselt numbers reported in the
literature which were similar to the expression Nu = k1RaLk2, where
k1 and k2 are constants that depend on the value of A and on the
range of RaL studied, and where k1 b 1 and k2 on the order of 0.3
as the results reported from Wright (Wright, 1996) and Elsherbiny
(ElSherbiny et al., 1982).
It can be observed that the Nusselt number increases and with the
Rayleigh number.
Optimum air cavity width
In this study, different double skin facade conﬁgurations, varying the
air cavity width, under different boundary conditions were studied.
After analyzing the results obtained from the point of view of the
average temperature in the enclosure, the average temperature in the
air cavity, the temperature distribution and the heat transfer rate; it
was concluded that the optimum air cavity width was on the order of
the aspect ratio A = 30 because in the winter scenario lower values
did not improve the insulation for the closed vents situation, which is
the most efﬁcient, and higher values insulated signiﬁcantly less. The
value of A= 30 is also accurate for the summer scenario as explained
below in the section Optimum air cavity width. Furthermore, this A
supposed a moderate air cavity width.
The heat ﬂux necessary to be provided in the case of A=30, so that
the enclosure temperature is 20 °C, was calculated for each situation.
Fig. 7 shows the results obtained.Fig. 6. Heat transfer rate in winter scenario.On one hand, the cases with solar radiation are grouped, and on the
other hand, those without solar radiation. It is observed that in both
situations, the heat ﬂux needed to be provided for a double skin system
is lower than that for a single skin system, except for the cases of opened
vents.
Summer conditions
Average temperature in the enclosure
Single skin facade was taken as the reference case with which to
compare the results obtained, and the heat needed to be removed to
keep the enclosure temperature at 26 °C (comfort temperature in
summer conditions) was calculated for the cases with and without
solar radiation respectively. The summer scenario was simulated with
a ceiling heat ﬂux of −10.5 W/m2, for the cases with solar radiation,
and of−4.6 W/m2 for the cases without it.
Fig. 8 represents the average dimensionless temperature T+ in the
enclosure in relation to the cavity aspect ratio A in the summer scenario
and under different conditions.
On one hand, from the point of view of the cavity aspect ratio, the
following results were obtained:
For the closed vents situation:
• Without solar radiation:
‐ ForA b 15, the average temperature remains constantwith aminimum
increase in temperature. In this section, the boundary layer regime
dominates.
‐ For 15 ≤ A ≤ 80, the temperature remains constant and the transition
regime dominates.Fig. 8. Average temperature in the enclosure in summer scenario.
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conduction regime dominates.
• With solar radiation:
‐ ForA b 15, a slight increase in temperature is observed. In this section,
the boundary layer regime dominates.
‐ For 15 ≤ A ≤ 60, the temperature remains constant and the transition
regime dominates.
‐ For A N 60, the average temperature in the enclosure rises and the
conduction regime dominates.Fig. 9. Heat transfer rate in summer scenario.In the assumption of opened vents:
• Without solar radiation:
‐ For A b 40, the temperature remains constant to almost the reference
temperature that is obtained with the single skin facade system.
‐ For 40 ≤ A ≤ 200, the average temperature in the enclosure decreases.
‐ For A N 200, the temperature increases slightly, but always below the
reference temperature.
• With solar radiation:
‐ For 6 ≤ A ≤ 600, the average temperature in the enclosure always
increases. This fact is due to the increase of the stack effect in the
presence of solar radiation. Double skin facade with purely stack
effect is effective enough to extract solar heat gain inside the facade
cavity and maintain lower internal surface temperature. The external
surface temperature of double glazed facade is very high because of
the characteristic of heat absorption.Temperature distribution in the air cavity
As explained above, the ﬂow regime can be classiﬁed in conduction,
transition and boundary layer regime, depending on the Rayleigh
number and the cavity aspect ratio.
In all situations, whether solar radiation is present or not as well as
whether vents are opened or closed, the average temperature in the air
cavity is always higher than the average temperature in the enclosure.
The average temperature in the air cavity increases by absorbed solar
radiation.
In the closed cavity situation without solar radiation, the following
ﬂow regimes are given:0
2
4
6
8
10
12
Single skin 
facade
Closed vents Opened vents Single skin 
facade
Closed vents Opened vents
Heat Flux without solar radiation Heat Flux with solar radiation
Q (W/m2)
Fig. 10. Heat ﬂux for single skin and A=30 to keep the enclosure temperature at 26 °C in
summer.- Boundary layer regime, up to A= 15, RaL ≥ 107
- Transition regime, from A= 60 to A= 15, 104 b RaL b 107
- Conduction regime, from A= 60, RaL ≤ 104
In the closed cavity situation with solar radiation, the following ﬂow
regimes are obtained:
- Boundary layer regime, up to A= 15, RaL ≥ 107
- Transition regime, from A= 40 to A= 15, 104 b RaL b 107
- Conduction regime, from A= 40, RaL ≤ 104
Heat transfer
Fig. 9 represents the heat transfer rate in closed air cavities and the
correlations obtained for the cases with solar radiation and without it,
in a summer scenario.
The heat transfer rate obtained was compared with several correla-
tions of the convective Nusselt numbers reported in the literature and it
was observed that they agreed as well with the results obtained by
Wright and Elserbiny as explained above in the section Heat transfer.Optimum air cavity width
It was concluded that the optimum air cavitywidthwas on the order
of the aspect ratio A=30 because in the summer scenario from A=30
it began to insulate less even in the closed vents situation.
The heat ﬂux necessary to be removed in the case of A=30, so that
the enclosure temperature is 26 °C, was calculated for each situation.
Fig. 10 illustrates the results obtained.
On one hand, the cases with solar radiation are grouped, and on the
other hand, those without solar radiation. It is observed that in the
absence of solar radiation, the heat ﬂux needed to be removed for a
double skin system is higher than that for a single skin system, except
in the case of closed vents. And in the presence of solar radiation it is
just the opposite; the heat ﬂux needed to be removed for a double
skin system is higher than that for a single skin system, except in the
case of opened vents.Energy efﬁciency analysis
In this paper, the thermal behavior due to buoyancy of an enclosure
located in central Spainwith andwithout double skin facade is compared.
The aim is to achieve or identify amore efﬁcient facade conﬁguration that
improves the building energy efﬁciency to improve indoor comfort
conditions. A cavity width corresponding to A = 30 has been used,
and below, the energy efﬁciency index in all scenarios is analyzed
and discussed.
Figs. 11 and 12 represent the energy efﬁciency index in winter and
summer scenarios respectively. They show the energy saving or the
increased energy use for each situation. Todo this, the heatﬂux required
to be provided or removed, so that the enclosure remained within
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Fig. 11. Energy efﬁciency index in winter scenario.
Table 2
Percentage of energy savingor increased energyuse inwinter and summer scenarios com-
pared to the single skin facade.
Scenario Solar radiation Vents Energy saving (%) Increased energy use (%)
Winter
No
Closed 52.3
Opened 1.5
Yes
Closed 75.1
Opened 5.1
Summer
No
Closed 44.3
Opened 12
Yes
Closed 1.4
Opened 4
147E. Sanchez et al. / Energy for Sustainable Development 33 (2016) 139–148the comfort temperature, in the case of a double glazed facade with
an A= 30 air cavity, is calculated. Then, the percentage of saving or
increased energy use obtained are calculated compared to the single
glazed facade, reference case. For this, the energy efﬁciency index
(η) has been deﬁned using the following formula: η = (Q − Qref) /
Qref, where Q the heat ﬂux obtained; and Qref the heat ﬂux of
reference.
In the winter scenario, the reference heat ﬂuxes are 17.9 W/m2 and
22 W/m2 with and without solar radiation respectively. In the summer
scenario, the reference heat ﬂuxes are −10.5 W/m2 and−4.6 W/m2
with and without solar radiation respectively.
The values obtained for winter and summer scenarios are presented
in detail in Table 2.Conclusions
After analyzing the results obtained from the simulations, the most
efﬁcient facade conﬁguration for both scenarios is discussed:• In the winter scenario, closed vents are always efﬁcient, both with
solar radiation and without it, because the average temperature in
the enclosure always increases. Of these, the most favorable is always
the case in which there is solar radiation. Ventilating is not beneﬁcial
in any case, as it lowers the enclosure temperature and increases the
transmission losses.
• In the summer scenario, in the absence of solar radiation, closed vents
are always efﬁcient, because the average temperature in the enclosure
always remains below the reference temperature. In the presence of
solar radiation, opened vents are efﬁcient, since they favor the stack
effect and the average temperature in the enclosure decreases.-20%
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Fig. 12. Energy efﬁciency index in summer scenario.Ventilating lowers the heat transmission gains and, hence, the
cooling load.
It can be concluded that the double skin facade is better than the
single skin facade in four scenarios: winter with closed vents and with
and without solar radiation, summer with closed vents and without
solar radiation, and summer with opened vents and with solar radia-
tion. Closing the ventswasmore energy efﬁcient in three out of four sce-
narios. Opening the vents is only efﬁcient in summer with solar
radiation. The double skin facade reduced the heating load in winter
and the cooling load in summer. Theworst scenario inwinter is opening
the vents with solar radiation, because it increases the heating load; and
theworst summer scenario is opening the vents without solar radiation
because it increases the cooling load.
The historical temperature record in central Spain was consulted in
the AEMET database (Spanish State Meteorology Agency) in order to
determine whether the double skin facade solution is efﬁcient com-
pared to the single skin facade. It was observed that the heating is
used for 5 months, the air-conditioning for 4 months and during
3 months no system is needed. According to the information presented
above in Figs. 11 and 12, it is concluded that the double skin facade has
better results in terms of saving compared to the single skin facade in
winter and summer scenarios. It is particularly noteworthy that the en-
ergy saving reach 75% in thewinter scenario with closed vents andwith
solar radiation; and up to 4% in the summer scenario with opened vents
and with solar radiation.
Double skin facades improve the thermal performance of buildings,
they reduce the energy consumption for heating and air conditioning
in several scenarios, and they can help produce comfortable indoor con-
ditions. Please note that this paper studies the double skin facade with
solely buoyancy-driven airﬂow. The optimization of vents and the
wind-driven airﬂow will be further studied.
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